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CHAPTER 1. INTRODUCTION 
Western Iowa loess is of Wisconsin age and was transported by prevailing winds 
from the Missouri River floodplain between 30,000 and 14,000 years ago (Lohnes et al., 
1980). This loess has a low unit weight of 1.1 to 1.5 g/cm3, with high cohesion at moisture 
contents ( 5 8 MN/m2) and little or no saturated cohesive strength. Weathered and redeposited 
loess contains higher percentages of clay than the parent material and lower cohesive 
strength (8.4 MN/m2) (Akiyama, 1964). Therefore, these properties have made loess 
vulnerable to erosion. Loess will maintain steep cliffs due to its low density and moderate 
shear strength (Lohnes and Handy, 1968). Nevertheless, it collapsed once moisture content 
increases. These collapses were due to decrease of capillary suction and expansion of clay 
particles in the soil. 
1.1 Stream Degradation 
Several causes of stream degradation in Western Iowa were indicated by Miller 
(1996). These causes are lowering of base level of Missouri River, land use change, natural 
phenomenon and stream straightening or channelization. Streams in western Iowa are the 
tributaries of Missouri River. Changes of Missouri River bed affected these streams. Dahl 
(1961) stated that Missouri River has been lowered as much as 4.9m (15ft) during 1800's. 
Consequently, on the beginning of 20th century, degradation of western Iowa streams were 
observed. 
During 1900 and 1940, extensive development of changing prairies to cropland has 
initiated stream degradation. Introduction of row crop farmland increased storm runoff and 
hence increased the flow rate in these streams. Higher flow rate granted extra erosive force 
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on the riverbank and accelerated the natural phenomenon such as degradation and 
aggradation. Besides that, many streams in western Iowa were straightened to accommodate 
frequent flooding on these newly developed farmlands. Change of these streams to lower 
sinuosity meandering channels contributed to increased river velocity as well as scouring 
ability. 
1.2 Grade Controlled Structures 
In order to reduce the further degradation in these streams, many structures were 
suggested. These include Soil Conservation Service (SCS) reinforced concrete drop 
structures; broken back culverts using road embankments as dams; sheet-pile weirs and sills; 
Saint-Anthony Falls (SAP) basins; and Greenwood flumes (Wade, 1982; Magner, 1994). 
Greenwood flumes are one of the common structures built to control degradation in western 
Iowa. However, the design and cost of construction for 24 meter bridge span will cost as 
much as $300,000 (Goehring, 1981). Other stream stabilization effort such as the 
stabilization of the east bank near Bedford, Iowa, by U.S. Army Corps of Engineers claimed 
a total cost of over $1,702,000 (Wade, 1982). 
1.3 Problem Statement 
This research was conducted to resolve two problems: 1) finding a new use of scrap 
tires that are banned from Iowa landfills without shredding and 2) stabilizing degrading 
streams in western Iowa that have caused the loss of over $1. 1 billion in infrastructure and 
farmland (Baumel et al., 1994). 
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Out of 237 millions scrap tires generated annually, 196 millions will be reused while 
the remaining ( 41 millions) will go to the existing scrap tires stockpiles of 3 00 millions. 
These stockpiles present a threat to environment as exposed tires hold water and become a 
breeding space for mosquitoes. Fires on tire piles are difficult to put out, and produce heavy 
smoke and toxic run off Therefore, a new use of scrap tires is needed to cleanup stockpiles 
and eliminates these environmental threats. 
Currently, whole scrap tires are utilized for surface erosion control and stream bank 
stabilization. This thesis will focus on in-stream grade control structures in which the entire 
mass of the structure is constructed of whole scrap tires connected together and filled with 
materials of sufficient mass to resist erosion. 
Grade control structures are weirs built in the stream to minimize channel erosion by 
headcuts that move upstream in a channel and in turn cause channel bank stability problems. 
The erosion initiates channel widening and results in loss of valuable land and poses a threat 
to existing bridges and roadways. Grade control structures reduce streamflow velocity by 
introducing a new low gradient riverbed, and hence decrease erosion and allow sediments to 
settle. Current grade controlled structures for minimizing stream degradation and erosion at 
bridges cost approximately from $5,000 to $200,000. Thus, more economical methods of 
stream channel stabilization utilizing lower cost alternatives to concrete are sought. Scrap 
tires, a potential construction material for stream grade control structure was studied in this 
research. 
If the proposed grade control structure is feasible, it is likely that more engineers will 
use this material in grade control and bank stabilization structures. This will not only 
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cleanup the increasing scrap tires stockpiles but also provide a relatively inexpensive method 
of stabilizing degrading streams. 
1.4 Objective 
The objective of this study is to investigate the feasibility of constructing grade 
control structures of whole scrap tires filled with flowable fill. The stability of the whole 
grade control structure and proposed fastening systems were discussed by Choor (2001 ). 
This thesis will focus on the shear strength and erosion resistance of proposed filling 
materials, and examine constructiblity of the structure. 
1.5 Organization of Thesis 
This thesis is composed of seven chapters and an appendix. 
Chapter 1 discusses the history and background of stream degradation, the problem 
statement and objectives of this thesis. Chapter 2 reviews the design and applications of 
controlled low strength materials ( CLSM) including the ingredients, the properties of CLSM, 
the test methods, standards and specifications and pipeline applications. Chapter 3 presents 
the procedure of shear strength tests and assesses the shear strength of various loess-sand-
cement mixtures. Chapter 4 describes the procedure of erosion resistance tests and provides 
the weight loss of various loess-sand-cement mixtures. Chapter 5 presents the analysis of 
constructibility of the whole structures. Chapter 6 summarizes the results of the shear 
strength test, erosion resistance test and correlation between these tests. Also included in 
chapter 6 are the recommendations for future research direction. 
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CHAPTER 2. LITERATURE REVIEW 
Streams in the loess hills of western Iowa have recorded channel degradation as early 
as latter part of last century. For example, the Willow River drainage ditch was 4.6 m (15 ft) 
deep and 6.7 m (22ft) wide in 1919 degraded to 9.8 m (32 ft) deep and 21 m (70 ft) wide in 
1958 (Daniels, 1960). These degradations had exposed existing highway and railroad to 
potential structural failure as soil beneath and adjacent to abutments were gradually eroded. 
Although different types of flume and drop structures have been used to stabilize these 
channels, more economical methods are always sought after to accommodate increasing 
construction costs and decreasing highway revenues. Soil cement has been suggested as an 
alternate construction material especially in smaller streams (Lohnes, 1980). 
2.1 Soil Cement 
Soil cement was widely used in highways since the beginning of last century. Soil 
cement has been used for pavement since mid of 193 Os. In 193 5, the first 1. 5 mile of 
experimental soil cement pavement was built in Johnsonville, South Caroline (PCA, 1995). 
At the time of construction, soil cement represent a significant development because it 
proved to be a long sought means to stabilize local soils and provide economic road base. 
The first use of soil cement in water control structures was recorded at 1951 where a section 
of wave erosion protection slope was built on Bonney Reservoir in Colorado (Wilder, 1977). 
The durability is the major concern for soil cement used in highways while the 
strength of soil cement is more anticipated in water control structures. Therefore, the 
specimens in this research were subjected to both shear test and erosion resistance test. The 
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soil cement is defined as a mixture of pulverized soil material and measured amounts of 
portland cement and water, compacted to high density (PCA, 1995). 
The loess-derived alluvium selected for testing is a typical alluvium from western 
Iowa. The erosion resistance of silty cement-stabilized soils will increase if sand is added to 
the soils (Nussbaum, 1971). Based on this finding, mixtures of a variety of sand and cement 
were evaluated. 
For flood flows that have 10-50 years of recurrence intervals and drainage basins 
about 26 km2 (10 mile2) in area, the velocities range are between 0.6 mis to 3.0 mis (2 ft/s to 
10 ft/s) (Litton et al., 1982). If high streams velocities are expected, failure of grade 
stabilization structure on small stream is unlike to cause instantaneous destructive effects. 
Maximum flow velocity at 10 ft/s is sufficient to surrogate actual water velocity over cement 
stabilized alluvium grade control structures located in the smaller watersheds of western 
Iowa. 
Previous study (Litton et al., 1982) has investigated the use of soil cement in stream 
channel grade-stabilization structures. These soil cement beams were made of various 
alluvium-sand-cement ratios with compaction of 100 percent of maximum density at 
optimum moisture content. Tests results indicated that 81-97 percent of the total loss occurs 
within the first hour of testing at a given velocity. At equivalent cement content, percent of 
weight loss for all specimens tested under various flow velocities decreased as sand content 
increased. In this study, Litton (1982) concluded that at low erosional velocities, cement 
stabilized alluvium may be an economical and reliable construction material for grade 
stabilization structures in small watersheds. 
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Another study conducted by Litton et al. (1983) indicated three major factors that 
have large effect on the attrition rate of soil cement under field conditions. These factors are: 
1) the relative durability of the soil cement; 2) the type and duration of weathering and; 3) the 
type and duration of loading. These factors are equally important and were considered in all 
testing. Conclusions drawn from this study were cement stabilized alluvium and alluvium-
sand mixture from western Iowa produce attrition rates that decrease with time at a constant 
water velocity; and specimens lost 54 to 97 percent of their total weight loss during the first 
30 min of a 5 hours test at a constant water velocity. 
2.2 Controlled Low Strength Materials (CLSM) 
CLSM, also known as flowable fill, flow fill, controlled density fill, soil-cement 
slurry, and K-crete, is a mixture of cementitious material, soil, water, fly ash and admixtures. 
CLSM is defined as a cementitious material that is in a flowable state at the time of 
placement and having a specified compressive strength of 1200 psi or less at the age of 28 
days (ACI, 1994). CLSM is usually flowable and self-leveling at the time of placement. 
Ingredients of CLSM include pulverized coal ashes, clean coal ash from atmospheric 
fluidized bed combustion and recycled glass. With a given mixture design of pulverized coal 
ashes, cement and sand, unconfined compression strength is higher with the lower moisture 
contents (Dockter, 1998). Clean coal ash, when mixed with water, was found to be 
expansive (Naik et al, 1998). This expansive properties of CLSM may assure complete and 
tight fill when use as a filling materials. Recycled glass can replace 100 percent of the 
aggregates in flowable fill. It has proven to be successfully being utilized as aggregate 
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replacements and gained acceptance by contractors in the Boulder, Colorado area (Ohlheiser, 
1998). 
Engineering properties of CLSM such as bearing strength, diggability, subsidence of 
regular CLSM to a quick setting CLSM, penetration resistance, compressive strength, 
compressibility, shear, flowability characteristics, bleeding, freeze-thaw, strength gain and 
corrosivity were studied and presented on various papers (Hoopes, 1998; Pons et al, 1998; 
Abelleira, 1998). 
Pons et al (1998) made comparisons between the regular CLSM to a quick setting 
CLSM. Their studies involved the measure of the CLSM strength, diggability and the 
subsidence of both CLSM. They concluded that quick-setting flowable fills have better 
performance over regular flowable fills for use in numerous applications. 
Hoopes (1998) conducted a study on the alteration of material properties of CLSM by 
adding air-modifying agents. The air-modified low-water content CLSM helps to improve 
the permeability, subsidence, bleeding and freeze-thaw properties while retaining the 
compressibility, shear strength, load bearing and flowability of CLSM. 
Concerns over the long term strength gain ofCLSM has prompted Mullarky (1998) 
and National Ready Mixed Concrete Association to come up with a two-year study in the 
evaluation of mix parameters to control strength gain. Even though this study is still on 
going, preliminary results show that air content and fly ash content are significant factors in 
the control of long term strength gain. 
Utilizing wash out resistant CLSM can enhance CLSM for underwater placement 
(Hepworth et al, 1998). The wash out resistant CLSM can be used as a stabilizing agent for 
the remediation tanks of contaminated materials. Hepworth, et al (1998) concluded that 
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admixture-enhanced CLSM helps minimize the washout contamination of tank fluid and 
cross-contamination of the CLSM. 
The effects of CLSM on the corrosion of the carbon steel were evaluated ( Abelleira et 
al, 1998). The experiment involved placing steel coupons in soil simulated to underground 
soil condition including pH, drainage characteristics, stray currents, reactive chemicals and 
bacterial action. The results showed that the CLSM used could improve the corrosion 
performance of carbon steel in underground applications. 
CHAPTER 3. DIRECT SHEAR TEST 
A basic requirement of all the mixtures used here is that the viscosity of the mixture is 
low enough to allow the material to flow into the tires. Direct shear tests were conducted to 
evaluate the shear strength of proposed flowable soil-cement fill materials for stream grade 
control structures made of scrap tires. Shear strength is used as a surrogate for erosion 
resistance and to evaluate structural strength of the grade control structure. If the maximum 
shear strength of soil-cement specimen exceeds shear forces exerted by streamflow on the 
grade control structure as evaluated by Choor (2001 ), a fastening system for the tire structure 
may not be necessary. 
Normal Force 
Loading Yoke 
Shearing Force 
Fig. 3 .1 Side view of shear box 
Shown in Fig. 3 .1 is a typical direct shear box for single shear test machine. The 
shear box could be in round or square shape. 
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3.1 Specimen Preparation 
A variety of specimens were prepared and cured in moisture room at 70°F and 
relative humidity greater than 95% for 7 and 28 days. These specimens consist of different 
proportions of cement, loess and sand. The Portland cement used in all specimens was type 
1. The loess, classified as A-6 by American Association of State Highway and 
Transportation Officials (AASHTO) was obtained from western Iowa, which is near the 
future construction site of the proposed grade control structure. Four different proportions of 
cement (5%, 7%, 13% and 18%) were used. For each proportion of cement, four sets of 
different sand content (0%, 25%, 40% and 50%) specimens were prepared. Additions of 
sand to loess-cement mixture were used to study the effects of sand content on the shear 
strength of the mixtures. Thus, a total of 16 sets of specimens were prepared. Table 3 .1 
showed the summary of specimens prepared and tested. 
Weight proportioning method was used to calculate the amount of cement, sand and 
loess needed based on the dry weight ofloess. For instance, specimen with 5% cement and 
25% sand will have weight of cement equivalent to 5% dry loess weight and weight of sand 
equivalent to 25% total dry weight of sand and loess. Specimens were numbered first with 
percent of cement and followed by percent of sand. For example, specimens with sample 
number C5 S25 will have weight of cement equivalent to 5% weight of dry loess and weight 
of sand equivalent to 25% total weight of dry loess and sand. 
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Table 3 .1 Summary of specimens prepared and tested 
Cement Sand No. of No. of No. of specimen tested specimen tested Content Content specimen for 7-day for 28-day (%) (%) prepared strength strength 
5 0 6 3 3 
25 6 3 3 
40 6 3 3 
50 6 3 3 
7 0 6 3 3 
25 6 3 3 
40 6 3 3 
50 6 3 3 
13 0 6 3 3 
25 6 3 3 
40 6 3 3 
50 6 3 3 
18 0 6 3 3 
25 6 3 3 
40 6 3 3 
50 6 3 3 
To accommodate the size of shear box that is 2.5 inches in diameter, PVC pipes with 
inner diameter of 2. 5 inches were cut into pieces (Fig. 3. 2a) with length of approximately 1 
inch. These PVC rings were edge-smoothened, cleaned and dried before placing on top of 
the Polyzod sheet. Each PVC ring was then glued to a Polyzod sheet as shown in Fig. 3 .2b. 
Since the PVC rings are generally very light, weights were placed on top of PVC ring to 
prevent leakage at the interface of PVC ring and Polyzod sheet. 
Cement, sand and loess were weighted and batched by thoroughly mixing the 
components with sufficient water to produce viscosity low enough to allow the mixture to 
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flow. Each sets of specimen comprises of six samples. These samples were placed in a pan, 
labeled and sealed with plastic bag to prevent water from getting into the pan. Specimens 
were then cured in moisture room. 
Fig 3 .2a PVC pipe cut into one inch thick section 
Fig. 3 .2b PVC molds filled with loess-sand-cement mixture 
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3.2 Test Procedures 
Each cured soil-cement specimen was placed in a shear box. A normal load of 
constant magnitude (16.96 psi) was applied. The soil was ultimately sheared along a 
horizontal surface (Fig 3 .3) and the stress that produced shear failure was recorded. Each 
specimen was then removed from shear box and discarded. The procedure was repeated for 
each specimen. 
Fig. 3. 3 Tested specimen 
3.3 Results and Discussion 
Test results were analyzed to evaluate the effect of percent of sand, curing time and 
percent of cement on average shear strength. Table 3 .2 shows the results of direct shear tests 
sorted by increment of cement and sand content. Water required to produce flowable 
mixture decreases as the percent of sand increases, given that cement content is constant. 
This was because sand is a non-cohesive soil and requires less water than loess to produce 
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the same amount of slump. Besides that, clay particles in loess have high tendency to absorb 
water. Thus, by increasing sand content ( decreasing of loess ), the amount of water needed to 
produce flowable mixture is reduces. Unit weight of all samples is in the range of 1730 
kg/m3 (108 lb/ft3) to 1986 kg/m3 (124 lb/ft3). 
Both 7 and 28 days specimens show increases in shear strength as the cement content 
increases. Cement acts as an adhesive and binds the aggregates together to form a solid 
mass. As cement proportions of the mixtures increases, more aggregates were bonded and 
hence formed a stronger matrix of aggregates. Fig. 3. 4 indicates that the average shear 
strength of specimens increases as percent of cement increases with constant sand and loess 
content. 
The chemical reaction between cement particles and water is called hydration. 
Hydration continues as long as moisture and temperatures condition are favorable (room 
temperature and relative humidity of 95% or greater). As hydration continues, mixture of 
cement becomes stiffer, harder and stronger. From the results shown in Table 3.2, shear 
strength of 28 days cured specimens are higher than 7 days cured specimens. The shear 
strength of specimens with a curing period of28 days ranges from 131 kN/m2 (19 lb/in2) to 
496 kN/m2 (72 lb/in2). 
3.4 Summary 
Several conclusions could be drawn from these tests. Longer curing period and 
higher cement content produce higher shear strength. Mixtures with higher loess proportions 
required more water to produce the viscosity of the mixture low enough to flow into the tires. 
Table 3 .2 Direct shear test data and results 
Direct shear strength test 
Minimum 
moisture content Wet cured Wet cured 
Mixture content to produce Unit weight 7 days 28 days 
Cement Sand Loess flowable mixture shear strength shear strength 
% % % % kg/m::i lb/te kN/m2 lb/in2 kN/m2 lb/in2 
5 0 100 55.30 1765.89 110.24 111.49 16.17 135.34 19.63 
5 25 75 43.14 1802.58 112.53 177.82 25.79 203.95 29.58 
5 40 60 34.85 1837.50 114.71 153.96 22.33 182.37 26.45 
5 50 50 29.93 1852.23 115.63 170.85 24.78 200.78 29.12 
7 0 100 49.99 1741.38 108.71 164.58 23.87 203.05 29.45 
7 25 75 38.76 1833.01 114.43 160.58 23.29 204.36 29.64 ),,,,-I 
0\ 
7 40 60 36.84 1948.51 121.64 163.20 23.67 209.67 30.41 
7 50 50 25.88 1966.61 122.77 216.36 31.38 241.52 35.03 
13 0 100 48.16 1730.33 108.02 213.67 30.99 295.99 42.93 
13 25 75 38.69 1796.97 112.18 254.83 36.96 349.01 50.62 
13 40 60 32.21 1919.51 119.83 225.60 32.72 305.23 44.27 
13 50 50 28.28 1974.78 123.28 253.52 36.77 342.39 49.66 
18 0 100 48.52 1760.13 109.88 342.39 49.66 488.42 70.84 
18 25 75 37.41 1845.99 115.24 280.07 40.62 457.88 66.41 
18 40 60 31.94 1915.03 119.55 330.47 47.93 496.35 71.99 
18 50 50 27.63 1973.49 123.20 311.85 45.23 431.34 62.56 
7-day Average Maximum Shear Strength vs Cement Content 
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CHAPTER 4. EROSION RESISTANCE TEST 
The hydraulic resistance of fill materials for use in scrap tires for grade control 
structures was analyzed through laboratory measurement of weight losses from fill materials 
subjected to flowing water. Equipment used in these laboratory tests were an electric 
balance, a water pump with 13.5 gal/min pumping capacity, and a model flume. Total 
duration for each test was 160 minutes. The weight of the specimen was measured at various 
time intervals during the testing period. Four groups oflaboratory tests were conducted to 
measure the weight losses of fill materials that consist of different proportions of cement, 
sand and loess content. 
4.1 Test Procedures 
The flow chart in Fig. 4 .1 shows testing sequence, timeline, duration, and conditions 
of each group of test. In the first test, each of the specimens was protected by a PVC ring, 
which simulates the scrap tires in a grade control structure. This second set of tests, without 
PVC rings, was conducted because insignificant weight losses were observed in the first set 
of tests. The third group of tests was performed on the same specimens from the first tests 
after they were air-dried for a month. The first group tests without the PVC ring and the 
fourth group of tests were conducted on the top surfaces of the specimens that were exposed 
to the air during the curing period. 
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1st Test 
- Specimens with and without PVC ring were tested for 
erosion resistance 
- Specimens were tested immediately after 28-day curing. r Specimens were air dried for 2 weeks 
2nd Test 
- Only one sample tested - 5% cement content 
- Specimens were tested without PVC ring 
- Specimens were tested without soaking in water 
--- Specimens were air dried for 1 month ~,. 
3rd Test 
4th Test 
Specimens were tested without PVC ring 
Specimens were initially soaked in water for at least 2 hours 
Identical testing method as 1st test 
}-Specimens were air dried for 1 week 
- Specimens were tested again to estimate erosion resistance 
of top surface 
- Each specimen was soaked in water for at least 2 hours 
before testing 
Fig. 4.1 Testing sequence, conditions and procedure 
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In the first tests, mixtures with different loess, sand and cement content were prepared 
and poured into 2.5-inch diameter and I-inch thickness PVC molds (Fig 3.2b). After curing 
for at least 28 days in moisture room, the specimens were erosion tested under three different 
flow velocities, which were 0.5, 1.5 and 3 mis (1.6, 5 and 10 ft/s) . These velocities are used 
to simulate various streamflow flowing over the top surface of the tire structure. To simulate 
the fill materials surrounded by scrap tires, specimens were protected by PVC molds. 
Weight loss per unit area of each specimen was computed. 
A specimen from the first test with a PVC ring, which contains 5% cement and 100% 
loess, was air dried for two weeks and tested with the same procedure as described in the first 
test. The PVC ring was taken off the specimen. 
In the third test, specimens were tested to determine the weight losses after the 
specimens used in the first test were air dried for a month and then tested without PVC ring. 
The specimens from the first test were soaked in water before testing. Before weight loss 
tests were conducted, specimens were surface-dried and weighted. 
The fourth test measured the weight losses from the top surface of the specimens by 
turning over the specimens used in the third test. Test procedure was the same as that of the 
third test. 
4.2 Results and Discussion 
Results for first group test with specimens protected by PVC ring are presented in 
Table 4.1 and Fig. 4.2. There is no measurable weight loss under the flow conditions with 
velocities of 0.5 mis (1.6 ft/s) and 1.5 mis (5.0 ft/s). The weight loss percentage of 
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specimens tested under the 3 mis (10 ft/s) jet velocity averaged less than 1 percent. 
Maximum loss of 1.2 percent occurred on the specimen number C5SO. The range of weight 
loss per unit area is from 0.253 kg/m2 to 0.728 kg/m2 and the average of loss per unit area is 
0.522 kg/m2 . 
Results of the first group test without the PVC ring also showed no measurable 
weight loss under the flow conditions with velocities of0.5 mis (1.6 ft/s) and 1.5 mis (5.0 
ft/s). Fig. 4.3 shows first group test results without the PVC ring for 3 mis (10 ft/s) flow 
velocity. Total weight loss per unit area after 160 minutes under 3 mis (10 ft/s) flow velocity 
ranged from 0.0635 kg/m2 to 3.150 kg/m2 with an average of0.638 kg/m2 . 
Approximately 55% weight loss was observed in the second test (Fig. 4.4) under a 
flow velocity of 10 ft/s. The large amount of weight loss may due to a few factors: 1) poor 
curing condition, 2) the cement content was low at 5% and 3) unprotected by PVC ring. 
Table 4.2 and Fig. 4.5 present the results from the third test. Both 0.5 mis (1.6 ft/s) 
and 1. 5 ml s ( 5 ft/ s) erosion resistance test have insignificant weight loss. The weight loss 
percentage of each specimen tested under 3 mis (10 ft/s) jet velocity was less than 1 percent. 
Maximum loss of O. 5 8 percent occurred on specimen number C5 SO. The weight loss per unit 
area ranges from 0.0194 kg/m2 to 0.184 kg/m2 of surface area and the average is 0.0654 
kg/m2. Some plastic shrinkage cracks were observed at the outer surface of the samples in 
the first and third tests. 
In the fourth test, specimens deteriorated while being soaked in the water before test 
was conducted (Fig 4.6). Exposure to repeating cycles of wetting-and-drying process causes 
deterioration of these specimens. Specimens with 5%, 7%, 13% and 18% of cement 
disintegrated in 2, 3, 6 and 10 hours respectively. These results concluded that if the fill 
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materials were not protected by tires and exposed to several cycles of wetting-and-drying 
process, the grade-control structure might be washed away by streamflow. 
Compared the results from shear strength test and erosion resistance test, it is 
concluded that a linear relation exists between direct shear strength and hydraulic resistance 
of fill materials (Fig. 4.8). For the same specimen, erosion resistance increases with 
increasing shear strength. 
4.3 Summary 
Various fill materials and their hydraulic resistance have been evaluated, including 
measurements of unit weights, shear strength, and mass losses under flowing conditions. 
Laboratory tests of fill materials were conducted using the Direct Shear Strength Test 
Method. The results of material strength tests were reported for two different curing times, 7 
days and 28 days. Fill material specimens have been prepared for a curing period of 28 days 
before conducting hydraulic resistance tests. 
Results of hydraulic resistance tests of the fill materials indicated that there was no 
measurable weight loss for both the 0.5 mis (1.6 ft/s) uniform flow and the 1.5 mis (5.0 ft/s) 
water erosion tests. For constant loess/sand content, higher cement content produced less 
weight loss. With constant cement content, higher sand content resulted in less weight loss 
for 7% and 13% cement content and more weight loss for 5% and 18% cement content. 
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Table 4.1 Summary of first group test results with a PVC ring (velocity 10 ft/s) 
Loess Sand Cement Weight Weight Loss/ 
Content Content Content Loss Unit Area 
(%) (%) (%) (%) (kg/m2) 
100 0 5 1.20 0.728 
100 0 7 1.04 0.633 
100 0 13 0.88 0.538 
100 0 18 0.57 0.349 
75 25 5 1.05 0.665 
75 25 7 0.94 0.569 
75 25 13 0.83 0.507 
75 25 18 0.42 0.253 
60 40 7 0.89 0.538 
60 40 13 0.78 0.475 
50 50 7 0.88 0.538 
50 50 13 0.78 0.475 
0.80 
0.70 ... 
E 
ci 0.60 .:,: 
0.50 
0.40 = 1ii 
Ill 
E 0.30 
l: 
,!21 0.20 
0.10 
0.00 
0.55 
0.54 ... 
E 
ci 0.53 .:,: 
0.52 
0.51 = 1ii 
Ill 
E 
+' .c 
0.50 
,!21 0.49 
0.48 
0.47 
'-.... 
5 7 9 
5 7 9 
100% Loess 
----.____ 
11 13 15 
Cement, % 
60% Loess 
11 13 15 
Cement,% 
-----. 
17 19 
17 19 
0.70 
... 0.60 
E 
0.50 
rd' 
ell ! 0.40 
'i: = 1ii 0.30 
Ill 
E 
l: 0.20 
C) 
'iii 
:1: 0.10 
0.00 
0.55 
0.54 ... 
E 
0.53 
0.52 
0.51 = 1ii 
Ill 
E 
+' .c 
0.50 
,!21 0.49 
0.48 
0.47 
75% Loess 
·~ 
"--- ----.. 
5 7 9 11 13 
Cement,% 
50% Loess 
5 7 9 11 13 
Cement,% 
Fig 4.2a Weight loss vs. cement content (first test with ring) 
15 17 
15 17 
19 
19 
N 
U1 
0.74 
0.73 
N 
E 
CJ 0.72 
.:,:: 
t 0.71 
cu 
0.70 
::I 
"iii 
(I) 0.69 
.... 
'§i 0.68 
0.67 
0.66 
0.55 
0.54 N 
E 
CJ 0.53 
.:,:: 
t 0.52 
cu 
0.51 
::I 
"iii 
0.50 
.!=' 0.49 
CII 
S: 0.48 
0.47 
"' 
0 10 
0 10 
5% Cement 7% Cement 
0.64 
E 0.62 
i 
cd' 0.60 
I!! cu 
0.58 
::I 
"iii 
(I) 
: 0.56 
.c 
C, ·a; 
S: 0.54 
"-
0.52 
20 30 40 50 0 10 20 
Sand,% Sand,% 
13% Cement 18% Cement 
0.36 
NE 0.34 
c, 
.:,:: 
ca o.32 
I!! cu 
0.30 
::I 
"iii 
(I) 
: 0.28 
.c 
C, ·a; 
S: 0.26 
0.24 
20 30 40 50 0 10 20 
Sand,% Sand,% 
Fig. 4.2b Weight loss vs. sand content (first test with ring) 
30 40 
30 40 
50 
50 
N 
0\ 
5% Cement 
2.50 ,---------------------------, 
C'l 2.00 
(/1 
C/l 
.2 
i 1.50 
·a; 
i 1.00 
:i 
E 
::::I 
8 0.50 
c:( 
y = 0.4955Ln(x) - 0. 6293 
0.00 +---,-----,------,----,----,------,,-----,---~-----1 
0 20 40 60 80 100 120 140 160 180 
Time, minutes 
13% Cement 
1.40 
1.20 
C') 
(/1 
1.00 
.... .c 
-: 0.80 
al 0.60 1a 
:i 
E 0.40 
::::I 
CJ 
CJ 
C:C 0.20 
0.00 
0 20 40 60 80 100 120 140 160 180 
Time, minutes 
7% Cement 
1.40 ,---------------------------, 
• 
C') 1.20 Y - 0.2275Ln(x) + 0.0228 
(/1 
C/l 
0 ii 1.001---------=~_,'1!!~=-----------J 
C') 
·a; 
0.80 +---~~---------------J 
al 
1a 
0.60 +----c-----------------------------l 
::::I 
0.40 -1--1~------ --------------------l 
0.20 +---~--~--~-~---.---~-----,----,------! 
0 20 40 60 80 100 120 140 160 180 
Time, minutes 
18% Cement 
1.20 ,---------------------------, 
y = 0.2543Ln(x) - 0.3017 • 
C'l 1.00 ,----------------------c=---____j 
(/1 
C/l 
0 ii 0.80 -r-------- --~---~=----------------_J 
C') 
·a; 
0.60 r----7"'~-----------------_..: 
$ 
Ill 
0.40 
::::I 
CJ 
0.20 ,---,----------------- -------__J 
0.00 ---~---,-- ---,-------,----,-----,----,-------r----f 
0 20 40 60 80 100 120 140 160 180 
Time, minutes 
Fig. 4.3a Accumulated Weight Loss vs. Time for 100% Loess 
N 
-....l 
5% Cement 
12.00 
c, 1000 
vi' 
Ill 
.2 8.00 .... .c 
Cl 
'<Ii 
3 6.00 
'C 
I 
:i 4.00 E 
::I u u 
2.00 <( 
0.00 
0 20 40 60 80 100 120 140 160 180 
Time, minutes 
13% Cement 
1.40 .,-------------------------, 
Cl 1.20 Y - 0.2881ln(X) - 0.3247 
vi' .2 1.00 -i------------==----~~:::::::=-_____ _J 
.... .c 
-~ 0.80 
3 
al 0.60 1ii 
:i 
E 
::I 0.40 +----J'-------------------------1 
8 
<( 0.20 +--lf-------------------------1 
0.00 +-----~--~-------~---------1 
0 20 40 60 80 100 120 140 160 180 
Time, minutes 
7% Cement 
Q~ 
~QW 
y = 0.0289Ln(x) + 0.0436 
Ill 
Ill 
.2 
I Q15 
3 
'C I Q10 
:i 
E 
::I u 
~QOO 
QOO 
0 20 40 60 80 100 120 140 160 180 
Time, minutes 
18% Cement 
4.00 ~---------------------7 
3.50 _j_ ____________ y__::::_~"-'--'-'='-!l.!>J.---'-'-'='~~-1 
Cl 
ii 3.00 -l-----------------::::;----=--------------i 
.2 
:l: 2.50 -'---------=~~--=-----------------, 
Cl 
'<Ii 
3 2.00 _j_ ___ ~~-----------------7 
'C 
.21 
1.50 
::I 
E i3 1.00 
u 
<( 
0.50 
0.00 
0 20 40 60 80 100 120 140 160 180 
Time, minutes 
Fig. 4.3b Accumulated Weight Loss vs. Time for 50% Loess 
N 
00 
5% Cement 
3.50 -,-----------------------~ 
• en 3.00 Y - 0.8891Ln(x) -1 .5 
ui 
2.50 +--------------=---=----- - --------.j 
.... 
J: ·J 2.00 
i 1.50 'tij 
:i 
E 
::i 1.00 
0.50 +---.--------------------------< 
0.00 +---'~-,-----,-- --,---~--~-~--~--~-----, 
0 20 40 60 80 100 120 140 160 180 
Time, minutes 
13% Cement 
0.25 
en 0.20 
ui 
y = 0.0466Ln{x) - 0.0407 • 
VI 
..2 
i 0.15 
'ill 
:!: 
"C 
j 0.10 
:i 
E 
::i 
8 0.05 
<C 
0.00 
0 20 40 60 80 100 120 140 160 180 
Time, minutes 
7% Cement 
1.40 -,-----------------------~ 
• en 1.20 Y - 0.3504Ln(x) - 0.5677 
ui 
1.00 
.... 
J: 
-~ 0.80 
:!: 
i 0.60 'tij 
:i 
E 0.40 ::i 
0 
0 
<C 0.20 
0.00 
aoo 
en2~ 
ui 
VI 
!200 
J: en 
:!:1.~ 
"C 
i 
11.00 
::i 
0 
QOO 
0 20 40 
0 20 40 
60 80 100 120 140 160 
Time, minutes 
18% Cement 
y = 0.3928Ln(x) + 0.4854 • 
60 80 100 120 140 160 
Time, minutes 
180 
180 
Fig. 4.3c Accumulated Weight Loss vs. Time for 60% Loess 
N 
I..O 
1.60 
1.40 
Cl 
1.20 
.2 
l: 1.00 
Cl ·a; 
0.80 
,::, 
j 0.60 
::I 
E B 0.40 
(.) 
c::( 
0.20 
o.ooL 
0 20 40 
1.40 
1.20 
Cl 
vi 
1.00 ... 
J: 
-~ 0.80 
$ 0.60 
<II 
:i 
E 0.40 ::I 
(.) 
(.) 
C::C 0.20 
0.00 
0 20 40 
5% Cement 
• 
y = 0.4056Ln(x) - 0. 809 
60 80 100 120 140 160 
Time, minutes 
13% Cement 
60 80 
• y = 0.3289Ln(x) - 0.4561 
100 120 140 160 
Time, minutes 
180 
180 
7% Cement 
0.80 
0.70 
Cl 
0.60 
.2 
l: 0.50 
Cl ·a; 
0.40 
,::, 
j 0.30 
::I 
E B 0.20 
(.) 
c::( 
0.10 
0.00 
0 20 40 60 80 100 120 140 160 180 
Time, minutes 
18% Cement 
0.35 -,----------------------------, 
0.30 r--- ~-_____J i 0.25 y = 0.0556Ln(x) _ 0.0143 • I 
-~ 0.20 ,---=:::::::;;.;-~~==-----4~----------- _J 
Q15 
:i 
E Q10 
::I 
0 
(.) 
C::CQOO 
QOO 
0 20 40 60 80 100 120 140 160 180 
Time, minutes 
Fig. 4.3d Accumulated Weight Loss vs. Time for 75% Loess 
w 
0 
31 
Fig. 4.4 Samples before (top) and after (bottom) testing used in the second test (Results: 
Initial Weight = 170. 51 grams, Final Weight = 7 6. 68 grams, Total Weight Loss = 93. 83 
grams, Duration = 100 minutes) 
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Table 4.2 Summary of third test results (flow velocity 10 ft/s) 
Loess Sand Cement Weight Weight Loss/ 
Content Content Content Loss Unit Area 
(%) (%) (%) (%) (kg/m2) 
100 0 5 0.46 0.184 
100 0 7 0.43 0.171 
100 0 13 0.18 0.085 
100 0 18 0.12 0.054 
75 25 5 0.10 0.044 
75 25 7 0.09 0.041 
75 25 13 0.07 0.031 
75 25 18 0.03 0.019 
60 40 7 0.08 0.034 
60 40 13 0.06 0.027 
50 50 7 0.11 0.054 
50 50 13 0.10 0.041 
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7% cement specimen I 
7% cement specimen II 
Fig. 4.6 Pictures taken after the 3rd test 
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13 % cement specimen I 
13 % cement specimen II 
Fig. 4.6 Pictures taken after the 3rd test (continued) 
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18% cement specimen 
Fig. 4. 7 Pictures taken before the 4th test ( continued) 
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CHAPTER 5. CONSTRUCTIBILITY 
Constructibility is defined as the ability to construct effectively. The focuses of this 
analysis are on buildability, efficiency of construction and the applicability of construction 
methodology. Fillings constructiblity as well as other constructibility concerns are presented 
below. 
5.1 Fillings 
After tires are placed and fastened in designated construction area, various types of 
fills could be used to fill up voids in the structure. These fillings materials may consist of 
construction rubble, sand and gravel, and flowable fills. 
Flowable mixture which contains loess, cement and sand is designed to fill up voids 
between tires. Compared with other fillings material such as construction rubble, flowable 
fill provided minimal voids fillings and therefore increased unit weight of the structure. 
Higher unit weight is anticipated to provide sufficient weight to the grade controlled structure 
to resist uplift forces. 
Angularity of aggregates mixed in the flowable fill could significantly affect the 
workability of flowable fill. Angular aggregates with its loose packing pattern not only 
occupied larger volume (larger voids), but also formed a rough flow. Conversely, rounded 
coarse aggregates are packed more closely and produced a smoother and higher density 
fillings. 
Another method to improve the workability of fillings is to blend clay into the 
proposed flowable mixture. Clay blended into flowable mixture may reduce permeability 
and establish a less brittle characteristic, which is more favorable. 
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Most of flowable samples tested in the lab are susceptible to plastic shrinkage crack 
due to excessive loss of moisture during curing period. Thus, flowable mixture is suggested 
to wet-cured for a period of at least seven days or longer. Two common methods of curing 
that could be employed are spraying and saturated wet coverings. 
5.2 Fastening 
To connect tires into a coherent structure, bindings between and within layers are 
needed. This binding system is built to resist shear forces between surface of soil and 
foundation, as well as hydraulic forces generated by flowing water. 
Fastening Methods 
Three types of fastening methods provide sufficient resistance strength for the 
proposed grade control structure. They are listed as the following: 
• Cable 
Cable fastening structure is used in some small river. Fig. 5.1 is a picture taken in 
Carroll county of a cable tied structure. 
Fig. 5 .1 Existing cable tied tire structure in Carroll county 
42 
Based on the same concept, proposed cables structure is built with multiple 
layers of tied tires. These cables are laced around tires in four horizontal contact 
points (Fig. 5.2), four upper layer contact points and four lower layer contact points 
(Fig. 5.3). 
Upper Layer 
Fig. 5.2 Top View 
Upper Layer 
Middle Layer 
Fig. 5.3 Side View 
This fastening system provided greatest strength, as the structure will collapse only 
by cable failure. Thus, resisting strength of structure is dependable on the cable strength. 
Nevertheless, one has to deal with high labor and material costs to build this structure. 
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• Bolts and nuts 
Combination of machine bolts and nuts recorded 180 pounds of tensile pullout 
strength and 160 pounds of shear pullout strength (Choor, 2001). These bolts will be 
connected between and within layers as illustrated in Fig. 5. 4. 
Bolts and nuts 
Tires 
Fig. 5.4 Location of bolts and nuts 
This fastening system required less labor and material cost than cable-tied structure. 
• Lag screw and washers 
The most cost effective approach among three methods proposed. With tensile and 
shear strength higher than bolts and nuts, lag screws and washers fastening method is 
easier and faster to be built too. Locations of binding points are same as Fig. 5.4. 
Fastening Systems 
• Shell-Type Structure, STS 
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Proposed structure will be fastened on the outermost layer with any fastening 
methods discussed above. This type of fastening system is expressed as Shell Type 
Structure, STS. A disadvantage of this structure is it may experience structural failure 
if the outer layer of tires collapsed. 
• Totally-Articulated Structure, TAS 
Contradicted with STS, Totally-Articulated Structure, TAS is fastened on every 
contact points between tires. This method is likely to be more labor intensive than 
cable. 
5.3 Sequence of Assembly 
• Precast structure 
Structure is built near designated area and placed into the river as a whole. Heavy 
construction equipments are needed. 
• Assemble layers by layers 
Structure is assembled layers by layers with alternate fastening and fills. One or two 
layers are placed at a time to maximized voids filled. 
5.4 Contact surface of structure with bed and bank 
• Excavation 
Cohesive materials are usually excavated in dry conditions. Non-cohesive materials 
can be excavated in both dry and wet conditions. Excavation is required to level the 
riverbed as well as side slope of riverbank. 
• Key 
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To increase stability and prevent sliding on the whole structure, a key-in structure is 
build. Fig. 5. 5 showed an example of key-in portion built under the bottom of a grade 
control structure. 
Grade control structure 
Riverbed 
Key-in 3 layers tires 
... ... 
2 layers tires 
Fig. 5. 5 Key-in portion lay underneath the grade control structure 
Dimension of key-in portion is about two tires wide and three tires deep. These tires 
will be fastened to the bottom of proposed structure. 
5.5 Riprap 
After the whole structure is built, ripraps are suggested to be placed on the 
downstream section of grade control structure to reduce erosion of riverbed. A blanket layer 
of tires fastened with any methods described above could be used as riprap. This tire blanket 
will either tied with the body of grade control structure or anchored to the riverbed. 
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5.6 Other considerations 
• Anchoring 
If tires structure did not provide ample unit weight, anchoring between bottom of tires 
structure and riverbed could help to hold it from floating. 
• Coating/grouting 
A layer of coating can be used on upstream and downstream section of grade control 
structure. The purpose of coating is to protect exposed area from erosion. This 
consideration is further illustrated on Fig. 5.6. 
• Bale Tires 
Bale tires are one of the alternative fillings. However, unit weight of tires itself is 
insufficient to hold tires on the ground. Anchoring is a must for bale tires fillings. 
Coatings Coatings 
Exposed area 
Grade control structure 
Riverbed 
Key-in 3 layers tires 
... 
2 layers tires 
Fig. 5. 6 Coatings on Grade Control Structure 
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CHAPTER 6. CONCLUSIONS AND RECOMMENDATIONS 
To meet the unit weight requirement, the tires can be filled with cement-stabilized 
soil. Other fill materials, such as gravel or crushed concrete, were considered; however 
construction problems may exist with granular fill because it may be difficult to eliminate air 
voids. To avoid this construction problem, a flowable loess-cement mixture is 
recommended. Use of concrete as fill material may add cost that is likely to be excessive. 
Laboratory tests of direct shear strength of cement-stabilized soil showed that longer 
curing time yielded higher shear strength and that higher cement content produced higher 
shear strength. Therefore, higher proportion of cement (7% or 13%) is recommended for all 
soil-cement-sand mixtures with curing period of at least 28 days. 
Laboratory measurements of weight losses from the fill materials in flowing water 
indicated that there was no significant weight loss from under the flow conditions of 1. 6-10 
ft/s velocity. The fill materials tested can provide sufficient hydraulic resistance to flowing 
water. However, a thorough checking on exposed surfaces before the structure is subjected 
to flowing water is highly recommended. 
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